We explore the possibility that the recently reported diphoton excess at ATLAS and CMS can be accommodated within a minimal extension of a left-right symmetric model. Our setup is able to simultaneously explain the Run 2 diphoton and Run 1 diboson excesses, while providing a standard thermal freeze-out of weak-scale dark matter. In this scenario, the 750 GeV neutral right-handed Higgs triplet is responsible for the diphoton excess. Interactions of this state with the neutral and charged components of dark matter multiplets provide the dominant mechanisms for production and decay. A striking signature of this model is the additional presence of missing energy in the diphoton channel.
I. INTRODUCTION
The ATLAS and CMS collaborations both recently reported an excess in the diphoton mass distribution around 750 GeV with 3.2 fb −1 and 2.6 fb −1 of 13 TeV data, respectively [1, 2] .
This signal is consistent with a rate of R γγ ≈ 1 − 10 fb, and the local significance quoted by ATLAS and CMS is 3.6σ and 2.6σ, respectively, for the case of a narrow resonance. Under the assumption of a larger width, Γ ∼ 45 GeV, the local significance shifts to 3.9σ for ATLAS and 2.0σ for CMS. Although it is still plausible that these excess events, or some fraction, correspond to an upward statistical fluctuation or systematic issue, the possibility that this signal constitutes physics beyond the standard model (SM) has resulted in a flurry of recent model building attempts, averaging approximately six new papers per day . Although the diversity of models that are able to accommodate the signal is quite extensive, general conclusions can still be made. For instance, in addition to the resonant particle itself, the large signal rate and mass require new physics involved in the decay [7] . Furthermore, aside from some mild tension, the majority of the signal at 13 TeV is roughly consistent with existing bounds from Run 1 diphoton searches if one assumes a 2 → 2 production mechanism, i.e., pp → X → γγ [6] . This tension may be ameliorated, for example, if the 750 GeV resonance is produced from the decay of a somewhat heavier state.
Thus far, Run 2 has proven to be exciting, but more data is warranted in order to clarify the origin of the excess. Evidence of new physics may also still be present in Run 1 data. One such signal that recently gained interest is a diboson resonance at a mass of ∼ 1.9 TeV at √ s = 8
TeV [121] . An explanation for this and several other Run 1 excesses [122] [123] [124] [125] , e.g., in the dijet channel, has been presented within the context of a left-right symmetric model, extending the SM gauge group to SU (3) c × SU (2) L × SU (2) R × U (1) B−L , with a Higgs sector consisting of a bidoublet scalar and SU (2) R triplet scalar [126] [127] [128] [129] . In describing the diboson signal, these models predict a new charged gauge boson, W , with a mass close to 2 TeV and an additional neutral gauge boson, Z , with a mass around 3 − 4 TeV. While no dijet excess at the same mass has been noted at 13 TeV [130] , this may simply be the result of insufficient statistics, and only more data will ultimately be able to weigh in on the issue.
The mild tension between the diphoton searches at 8 and 13 TeV may be hinting towards yet another resonance beyond 750 GeV [6] . In this paper, we introduce a model where the heavy W can explain the Run 1 signals through pp → W → jj , W Z , W h , while the Z and neutral component of the right-handed Higgs triplet (∆ 0 ) play the role of the additional heavy resonance and 750 GeV diphoton resonance, respectively. In particular, the diphoton signal is generated through the cascade pp → Z → X Y → X X ∆ 0 (→ γγ) , where at the moment X and Y are some unspecified soft states. Similar production mechanisms have been studied for example in Ref. [87] .
Dark matter can also easily be incorporated into left-right symmetric models since they generically involve additional stabilizing symmetries and heavy gauge/Higgs bosons, allowing for new portals between the SM and dark matter sectors [131] [132] [133] [134] . One example of this involves adding several new colorless dark matter multiplets, non-trivially charged under
Interestingly, as we will see in the following sections, the neutral components of these multiplets may make up the cosmological abundance of dark matter today, while the electrically charged components can couple to ∆ 0 , facilitating a large loop-induced branching fraction to pairs of photons, crucial for reproducing the diphoton signal.
The remainder of this paper is structured as follows. Sec. II briefly reviews left-right symmetric models and extends the minimal model with several new dark matter multiplets. In
Sec. III, we explore the parameter space that is most relevant for accommodating the diphoton and diboson signals, while simultaneously allowing for the standard freeze-out of dark matter.
We summarize our results and implications in Sec. IV.
Higgs sector. For further review, see Ref. [135] . The minimal Higgs content consists of one right-handed complex scalar triplet with quantum numbers ∆ R : (1, 3, 2) and a complex scalar bidoublet φ : (2, 2, 0). 
where we have dropped O(m W /m W ) mixing with the charged Higgs bosons of φ . For simplicity, we also assume that the doubly charged Higgs, ∆ ++ , is decoupled. In matching to the observed rate and mass of the Run 1 diboson excess, we require v R ∼ 3 − 4 TeV, g R ∼ 0.45 − 0.6, and tan β ∼ 0.5 − 2, where g R is the SU (2) R gauge coupling and tan β is the ratio of VEVs that appear in the diagonal entries of φ , analogous to that found in a two-Higgs doublet model [127] .
The VEVs of ∆ R and φ contribute to the masses of the charged and neutral gauge bosons.
From here on out, we will work in the limit that v R v , or equivalently m W m W . At leading order, the masses of the W and
R , where g B-L is the U (1) B-L gauge coupling, related to the hypercharge gauge coupling by g −2 = g −2
Previous studies of dark matter in left-right symmetric models have largely focused on either SUSY inspired scenarios [131] or "pure states" consisting of additional electroweak multiplets with a single Majorana mass [132, 133] . In this paper, we instead explore simple models of "mixed states," incorporating several multiplets, which mass mix after electroweak symmetry breaking (EWSB) through Yukawa interactions with the Higgs sector [134] . Contrary to the models involving pure states, models of mixed dark matter allow for tree-level interactions between the lightest neutral state and electroweak bosons, which easily facilities a standard cosmological history for varying ranges of dark matter masses. Interestingly, the Higgs Yukawa interactions also couple ∆ 0 to the electrically charged components of the dark matter multiplets.
This will be important when we discuss the radiative decay of ∆ 0 in Sec. III B.
We now define a simple extension to the left-right model described above, by introducing three SU (2) R triplet Weyl fermions (T 1,2,3 ) with charges as shown in Table I . Note that our field content explictly breaks the charge/parity L ↔ R symmetry implemented in many leftright models. Although one could imagine the inclusion of additional triplets charged under SU (2) L , we assume for simplicity that any are sufficiently decoupled from the low-energy spectrum. In order to guarantee electrically neutral dark matter, the fields must be evenly charged under U (1) B-L , which also stabilizes the lightest neutral components up to arbitrary order. Furthermore, the fields are given appropriate B-L charge so that they may couple to ∆ R at tree-level, and a vector pair is needed to cancel anomalies. T 1,2,3 are then parametrized as
where the ± superscripts are labels indicating that these components will make up electrically charged fermions, and the factors of √ 2 ensure canonical normalization of the kinetic terms,
The remaining terms in a general renormalizable Lagrangian are
where 2-component Weyl spinor indices are implied, and traces refer to sums over SU (2) R indices. M 1 and M 23 are bare triplet mass terms, and λ 1,2 are real dimensionless Yukawa couplings. After EWSB, the neutral and charged mass matrices for the components of
The neutral components t 0 1,2,3 mass mix to give 3 Majorana fermions (χ 1 , χ 2 , χ 3 ), the lightest of which (χ 1 ) will be the cosmologically stable dark matter. The singly charged components mix to give two Dirac fermions (χ ± 1 , χ ± 2 ), and the doubly charged components enter as a single Dirac fermion of mass M 23 . To satisfy limits from chargino searches at LEP, we only consider values of M 23 > 100 GeV [136] .
Diagonalizing the neutral mass matrix yields the projection
and the charged gauge eigenstates are similarly decomposed as
U ij and V ij are orthogonal matrices that are constructed from the eigenvectors of M † M and M M † , respectively, where M is the charged mass matrix of Eq. (4).
III. THE DIBOSON AND DIPHOTON SIGNALS
As discussed briefly in Secs. I and II, several excesses in Run 1 ATLAS [121] and CMS [122] [123] [124] [125] data point towards the presence of a W boson with mass 1.8 − 2 TeV [126] [127] [128] [129] . Matching to the observed excess in the CMS dijet [124] distribution through the process pp → W → jj requires g R ∼ 0.45 − 0.6, and consistency with the ATLAS diboson signal [121] through pp → W → W Z implies tan β ∼ 0.5 − 2 [127] . Restricting to this set of values, the left-right model outlined in the previous section is able to accomodate the diboson and dijet events in the Run 1 data. We also note that the introduction of dark matter multiplets allows for new decay modes of the W , which in principle could alter the preferred values of g R and tan β when matching to the observed excess. However, as we will see in Sec. III A, this will not be of concern for the most viable parameter space since it involves dark matter masses m χ 1 > m W /2 .
A. Production
We now proceed in exploring the possibility that the loop-induced decay of a 750 GeV ∆ 0 can account for the diphoton excess. Dimensionless couplings, α , in the left-right scalar potential can induce a small mixing between ∆ 0 and the SM Higgs h , θ ∼ α v/v R , potentially leading to ∆ 0 production through SM gluon fusion [110] . ∆ 0 may also decay directly to top quarks in this scenario, and hence the signal is suppressed by Γ(
As a result, a very large partial width to photons (∼ 1 GeV) is needed to generate a sufficient diphoton rate [7] . For this reason, we assume that any mixing induced by α is negligible in regards to the production or decay of ∆ 0 .
Alternatively, one might consider the production of ∆ 0 through the cascade pp → W → W ∆ 0 (→ γγ) [7] . To leading order in m W /m W , the relevant term in the Lagrangian takes the form
We find that for m W ∼ O(1) TeV, the m W /m W suppression of this interaction results in a very small branching fraction, BR (W → W ∆ 0 ) ∼ O(10 −5 ) , much too weak to generate a sufficient diphoton rate, even for BR (∆ 0 → γγ) ∼ 1 . Note that this is unlike the decay W → W h , which can occur at the level of a few percent through the unsuppressed term
As we will see below, χ 1 typically freezes out with the proper relic abundance at a mass of O(1) TeV when m W = 1.9 TeV and m ∆ 0 = 750 GeV. Therefore, it is natural to imagine that Z possesses a considerable branching fraction into dark sector states at the level of tens of percent. In light of this insight, we choose to focus on the production of ∆ 0 through the cascade
, as shown in Fig. 1 . This signal possesses activity beyond the minimal diphoton production in the form of missing energy (MET), and hence the final state χ 1 's and ∆ 0 should not be significantly boosted. A detailed analysis quantifying the specific degree to which such extra activity can be present in the diphoton channel is beyond the scope of this paper. For simplicity, we assume that the extra MET is softened, and therefore that the mass splittings,
do not exceed several hundred GeV.
The diphoton rate at a center of mass energy √ s can be approximated by
where care dimensionless partonic integrals involving evaluation of PDFs at a scale m Z [6] .
We utilize the MSTW2008NLO set of PDFs in evaluating these numerical coefficients [137] and require that the rate falls within the range R γγ ∼ 1 − 10 fb in order to account for the diphoton signal at √ s = 13 TeV. Let us first examine the prospect of this production mechanism while remaining agnostic regarding the ∆ 0 decay. Fig. 2 shows the ∆ 0 production rate, R γγ /BR(∆ 0 → γγ) , for various slices of parameter space, scanning over the bare masses M 1 and M 23 of Eq. (3). We have switched to the variables y and tan θ defined through the relations
In the top-left panel of Fig. 2 , the values of m W , g R , tan β (and hence m Z ) are fixed within the ranges preferred by the Run 1 diboson excess, while the other panels relax this constraint and consider values of g R and tan β slightly outside the preferred range. Also shown in Fig. 2 are regions of parameter space where the relic abundance of χ 1 matches the observed dark matter
density Ω χ h 2 ≈ 0.1199 ± 0.0027 [138] . The full set of leading interactions relevant for annihilations and co-annihilations are built in FeynRules [139] and implemented in micrOMEGAs [140] .
Proper freeze-out occurs in the black band shown in Fig. 2 , and its behavior is mainly governed by the proximity of the lightest neutral state, χ 1 , to the singly and doubly charged states, Additionally, ATLAS's power to discriminate between a wide and narrow resonance is not statistically significant, and hence, we do not consider the possibility of Γ ∆ 0 ∼ 45 GeV further.
If a large diphoton branching fraction of ∆ 0 can be induced, then a consistent explanation of the diphoton and diboson excesses, as well as a standard WIMP cosmology, occurs in the region of parameter space where the thermal relic band is overlayed on the green region favored by the diphoton signal. We will see in the following section that this can easily occur since loops of dark sector charged states tend to dominate the ∆ 0 decay.
Direct detection searches for WIMP dark matter have negligible impact on the models shown. At leading order, WIMP-nucleon scattering proceeds through the tree-level exchange of a Z , which leads to a spin-dependent nucleon scattering rate that is well below the irreducible neutrino background [141] ,
where g Z is the effective Z − χ 1 coupling.
B. Decay
Under the assumption that mixing with the SM Higgs, h , is negligible, ∆ 0 does not couple to the SM fermions at tree-level. Similarly, we will also assume that any trilinear scalar couplings The leading form of this interaction is
and gives rise to the partial width
We will now consider the radiative decay channels of ∆ 0 . The Yukawas λ 1,2 of Eq. This demonstrates that these models are able to account for the Run 2 diphoton signal for M 23 400
GeV, across the green regions in Fig. 2 .
suppressed and subdominant for O(1) values of λ 1,2 . For completeness, we give the expression for the diphoton partial decay width [142] ,
where m ± i is the mass of χ
and the ∆ 0 − χ ± i couplings are given by
Γ(∆ 0 → Zγ) and Γ(∆ 0 → ZZ) take a similar form, aside from minor kinematic factors.
Results for BR(∆ 0 → γγ) are shown in Fig. 3 
